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Abstract 
 The Owen Ridge is a prominent relief that runs parallel to the coast of Oman 
in the N W Indian Ocean and is closely linked to the Owen F racture Zone, an 800-km-
long active fault system that accommodates today the A rabia-India str ike-slip motion. 
Several types of mass failures mobilizing the pelagic cover have been mapped in 
details along the r idge using multibeam bathymetry and sediment echosounder . Here 
we present a synthetic map of the different types of mass wasting features observed 
along the r idge and we further establish a morphometr ic analysis of submarine 
landslides. The spatial variation of failure morphology is strongly related to the 
topography of the basement. The highest volumes of multi-events generated slides are 
mobilized along the southern portion of the r idge. There, the estimated volume of 
evacuated material during a slide is up to 45 km3. Combining these new observations 
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with re-interpreted O DP seismic lines (Leg 117) documents sporadic mass wasting 
events through time along the southern segment of the r idge since its uplift in the 
Early Miocene, with a typical recurrence rate of the order of 105-106 years. A lthough 
seismicity may still be the final triggering process, mass wasting frequency is mainly 
controlled by the slow pelagic sedimentation rates and hence, time needed to build up 
the 40-80 m thick pelagic cover required to return to a mechanically unstable pelagic 
cover .  
 
1. Introduction 
 The study of mass wasting processes on continental margin has become a major 
topic of research during the last decades, since it plays a key role in sediment 
transportation to the deep ocean (Masson, 2006 and references herein). Mass wasting 
encompasses all gravity-driven mass movement processes. Failures affect the seabed 
morphology and its subsequent evolution in a variety of ways, in relation with the 
mechanical properties of the mobilized sediments and the large variation in volume, 
frequently less than one km3 but exceptionally over 20,000 km3 (Agulhas slump in SE 
Africa; Dingle, 1977). Although well described at continental margins (Prior, 1999; Canals 
et al., 2004), mass wasting along the slopes of oceanic highs standing in deep water 
remains poorly investigated, with the exception of the Lomonosov Ridge in the Arctic 
Ocean (Kristoffersen et al., 2007), the Macquarie Ridge in the South Pacific (Massel et al., 
2000), and Chain Ridge off the Horn of Africa (Pimm et al., 1972). Unlike continental 
margins, sedimentation on these remote oceanic ridges is generally characterized by low 
rates of pelagic sedimentation, not directly controlled by relative sea level variations or 
clastic continental input. Rapid sedimentation has commonly been invoked as an important 
pre-conditioning factor for slope instability (Hampton et al., 1996; Lee et al., 2008), even 
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though slope failure as a result of sedimentation alone seems unlikely based on theoretical 
grounds (Viesca and Rice, 2012). Other non-gravitational triggering factors invoked in 
deep-sea environments include earthquakes (Amalgor and Wisenam, 1982; Hampton et al., 
1996, Mulder et al., 2009), internal waves and/or fluid (including gas) escapes (Mienert et 
al., 1999). To avoid any confusion, the term "failure" is hereafter used for ruptures related 
to mass wasting processes, and the term "fault" is used for ruptures related to tectonic 
processes, although both terms refer to a mechanical discontinuity in rocks.  
 The ~2000-m deep Owen Ridge in the NW Indian Ocean is one of these deep-water 
sites of widespread mass wasting where links with active tectonics can be tested. The 
India-Arabia plate boundary ± known as the Owen Fracture Zone ± runs along the ridge for 
more than 800 km, where it accommodates 3 mm a-1 of dextral relative motion generating 
moderate seismicity (Fig. 1; Fournier et al., 2008a, 2011). Both the Owen Ridge and Owen 
Fracture Zone were extensively surveyed during the OWEN and FANINDIEN 2009 
cruises (Fig. 1) aboard the BHO Beautemps-Beaupré of the French Navy. Between 15°N 
(Beautemps-Beaupré Basin; Fournier et al., 2008b) and 22°30'N (Dalrymple Trough; 
Edwards et al., 2000, 2008; Gaedicke et al., 2002), the Owen Ridge is composed of three 
distinct bathymetric highs covered by a ~500 m thick pelagic drape (Shipboard Scientific 
Party, 1989) affected by numerous submarine landslides displaying a large variety of 
morphological features. Here we use these newly acquired multibeam bathymetry and 
SBP120 (Sub-Bottom Profiler) data, together with data collected during the DSDP 
(Shipboard Scientific Party, 1974) and the ODP Leg 117 (Shipboard Scientific Party, 
1989), to give a detailed description of mass wasting along the Owen Ridge. 
 The first topic of this paper is the study of spatial variations of the mass wasting 
process along the three segments of the Owen Ridge. The relative arrangement of slope 
failures and their deposits is first described to determine the variety of mass movement 
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types. The evolution of the material during failure and transport is then investigated for 
each ridge segment. Using the method established by McAdoo et al. (2000) for 
bathymetric data, the volume of material mobilized at the initial stage of slope failure is 
estimated for each event, allowing a quantitative comparison of the erosive pattern along 
each of the ridge segments as well as on both sides of it. A statistical analysis of the 
morphological parameters of landslide scars is also performed to establish simple 
hypotheses regarding the origin and behaviour of failure along the Owen Ridge.  
 The second topic of this paper is to assess factors that control mass wasting 
processes through time, including triggering factors of submarine landslides. Such 
approach is limited to the southern Owen Ridge for which ODP data are available and 
allow us to date the mass transport deposits (MTDs hereafter) back to Early Miocene 
(Fig. 2). Whether the multi-failures landslides currently displayed on the seafloor are the 
product of one single catastrophic event destabilizing the entire southern ridge segment or 
the product of distinct and sporadic events destabilizing only limited areas is resolved by 
studying the relative arrangement of MTDs displayed on ODP seismic lines. The time 
recurrence of mass wasting events is compared with a model of earthquake recurrence 
along the southernmost segment of the Owen Fracture Zone to identify whether seismicity 
is a potential triggering factor of slope failure and MTDs a paleo-seismicity record. Slope 
failure frequency, together with the spatial distribution of volumes of sediment involved 
for each failure, allow us to discuss the preservation of submarine relief through time. 
 
2. Geological background 
 2.1. Geodynamic setting 
 The present-day India-Arabia plate boundary in the NW Indian Ocean is located 
along the Owen Fracture Zone, which is an 800-km-long strike-slip fault system (Fig. 1; 
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Rodriguez et al., 2011). This fault system connects the Sheba and Carlsberg ridges to the 
eastern end of the Makran subduction zone. Northward migration of the Arabian plate with 
respect to Eurasia being slightly faster than the Indian plate at this longitude, the relative 
plate motion is accommodated by a 3 ±1 mm.a-1 dextral component (Fournier et al., 2008a; 
DeMets et al., 2010). The present-day fault system has led to a finite displacement of about 
10 to 12 km measured by morphologic offsets in the seafloor, which would indicate, at a 
constant rate of 3 mm a- 1, a Pliocene age for the youngest fault system expressed today at 
the seafloor (Fournier et al., 2011). Dextral motion, however, may have started as early as 
the Miocene (magnetic anomaly An 6, 19.7 Ma), as soon as spreading in the Gulf of Aden 
became effective (Chamot-Rooke et al., 2009; Fournier et al., 2010). The seismicity along 
the fault is rather low and scattered (Fig. 1), so that only few focal mechanisms are 
available (Quittmeyer and Kafka, 1984; Gordon and DeMets, 1989; Fournier et al., 2001). 
They consistently indicate pure strike-slip motion. The maximum magnitude recorded to 
date is a Mw 5.3 earthquake (Harvard CMT, 7 April 1985). However infrequent but large 
earthquake may be expected as at other fracture zones (Antolik et al., 2006; Robinson, 
2011). 
 
 2.2. Morphology of the Owen Ridge and sedimentary setting 
 The Owen Fracture Zone follows a major morphological feature, the Owen Ridge, 
which is a SSW-NNE trending ridge-and-through system that may be divided ± starting 
from the Beautemps-Beaupré Basin in the south ± into five geographic provinces (Fig. 1): 
the southern ridge, which consists of a 300 km-long, 50 km-wide, up to 2000 m-high relief 
(Fig. 3); the central ridge, which is a 220 km-long, 50 km-wide, and up to 1700 m-high 
relief (Fig. 4); the 20°N pull apart basin; the Qalhat Seamount (or northern ridge) which is 
a 210 km-long, more than 55 km-wide, and up to 2700 m-high relief (Fig. 5); and the 
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Dalrymple Trough. The Owen Ridge topographic highs act as a barrier for the Indus 
turbiditic sedimentation and isolate the Owen Basin, located west of the Owen Ridge, from 
any sediment supply from the east (Whitmarsh, 1979; Mountain and Prell, 1990). Since its 
uplift in the Early Miocene (Shipboard Scientific Party, 1989), the ridge has mainly 
supported the deposition of a ~500 m thick chalk and ooze pelagic blanket, and minor 
terrestrial input from monsoonal eddies (Clements and Prell, 2006) and oceanic jet (Ras al 
Hadd jet; Böhm et al., 1999; Fig. 6). The establishment of an upwelling zone in the Late 
Miocene induced an increase in sedimentation rates (from 8-15 m Ma-1 to 54 m Ma-1) 
(Mountain and Prell, 1989). Since the Pliocene, the sedimentation is mainly oozy in 
composition, with sedimentation rates typical of pelagic deposition (30 to 40 m Ma-1) 
(Mountain and Prell, 1989; Shipboard Scientific Party, 1989), and is controlled by seasonal 
monsoon (Clemens and Prell, 2006). 
 
2.3. Geological and tectonic history of the Owen Ridge 
 The present-day morphology of the Owen Ridge results from successive tectonic 
and volcanic events. The southern and central segments of the Owen Ridge were uplifted 
~19 Ma ago, as attested by the rapid transition from turbiditic to pelagic deposits in DSDP 
and ODP cores (Whitmarsh et al, 1974; Shipboard Scientific Party, 1989; Weissel et al., 
1992). The southern ridge appears as a large-scale tilted and relatively flat slab, interpreted 
as flexural response to compression (Weissel et al., 1992). Several seismic lines run as pre-
site surveys for ODP reached the basement of the southern ridge, and show an uneven 
paleo-topography (Fig. 2). The substratum is basaltic in composition and of Paleocene age 
(Shipboard Scientific Party, 1974, 1989). Both the southern and the central ridges may 
have stand as positive basement features being progressively buried under turbiditic 
deposits during the Paleogene to Early Miocene interval, as suggested by the Oligocene 
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turbiditic deposits drilled between two basement highs on the southern ridge (Fig. 2) 
(Shipboard Scientific Party, 1989; Clift et al., 2001; Gaedicke et al., 2002). The southern 
and central segments rose significantly above the level of the Indus fan to their present-day 
configuration following the 19 Ma uplift episode (Fig. 6). 
At the northern end of the OFZ, the history of the Qalhat Seamount is not clearly 
established. The nature of the underlying basement remains unknown since it has never 
been directly sampled. The nearby presence of the Little Murray Ridge volcanic seamounts 
buried under the Oman basin (Gaedicke et al., 2002; Mouchot, 2009), coupled with the 
existence of a strong magnetic anomaly in the vicinity of the seamount and a typical flat 
top morphology, strongly suggest that the Qalhat Seamount is a volcanic guyot (Edwards 
et al., 2000; Fournier et al., 2011). Onlap of Paleocene sediments onto the Qalhat 
Seamount (Edwards et al., 2000, 2008; Gaedicke et al., 2002) demonstrates that the 
seamount is Cretaceous in age or older. 
 
3. Material and Methods 
3.1. Bathymetry and sub-bottom profiles 
 Swath bathymetry and backscatter data were collected using a hull-mounted 
Kongsberg-Simrad EM120 multibeam echosounder during the OWEN and FANINDIEN 
surveys (2009). Final maps were produced at an 80-m-grid interval. The vertical resolution 
of the swath bathymetric data is of the order of 10 m, higher resolution being reached for 
vertical beams and lower resolution for far-angle lateral beams. SBP120 sub-bottom 
profiles were acquired along with bathymetry and reflectivity, providing a set of high 
frequency (3.5 kHz) high-resolution profiles with penetration down to 100 m in fine-
grained sediments and about 25 m in sand-rich floor. The subsurface geology is 
complementary documented by ODP seismic lines along the southern Owen Ridge 
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(Shipboard Scientific Party, 1989). This dataset is used to identify and map the different 
mass wasting types along the Owen Ridge. 
 
 3.2. Statistical analysis of morphological parameters 
Numerous slope failures are imprinted in the present-day morphology and can 
directly be studied from multibeam mapping. A statistical analysis of morphometric 
parameters of submarine landslides was performed following the method described by 
McAdoo et al. (2000), which considers only multi-failures events, i.e. large failures 
composed of several individual failures that occurred as one single event. As an 
improvement of the method of McAdoo et al. (2000), we also analyse morphometric 
parameters of individual failures, which can be good proxies for the rheology of the 
mobilized material. The statistical analysis of morphometric parameters will be further used 
to discuss the variability of failure processes along the three segments of the Owen Ridge. 
Forty-six multi-failure events have been recognized along the Owen Ridge, and 
almost 400 individual slope failures have been studied. A set of morphological parameters 
have been systematically measured: headscarp water depth, headscarp height, total area of 
seafloor affected by the failure, unfailed adjacent slope, runout slope, headscarp slope, and 
finally slide volume (Table 1). The headscarp region is the steepest slope in the eroded scar 
zone. The failure area is defined either as the portion of seafloor with a hummocky facies 
enclosed by a scar (in case of cohesive failure), or as the portion of seafloor enclosed by a 
scar (in case of disintegrative failure). Runout distances cannot be fully addressed because 
of the narrow swath available around the Owen Ridge. Table 1 summarizes correlations 
(covariance) between all those morphological parameters. 
Following McAdoo et al. (2000), we estimated the volume mobilized in the initial 
stage of multi-failures events (see Table 1 for the details of the method). This volume 
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estimation does not take into account the volume mobilized during mass motion. The 
estimation of the volume of multi-failure event is dependent on the interpretation of the 
timing of slope failure (see section 4). 
 
 3. 3. Estimation of mass transport deposits recurrence  
 The vertical distribution of MTDs can be observed on ODP seismic lines on the 
southern ridge (Fig. 2) and SBP profiles on the central and the northern ridges (Fig. 7). 
ODP seismic lines reach the Early Miocene, whereas the penetration of SBP profiles is 
limited to the last 3 Ma. Age estimates used in this study are based upon ODP Leg 117, 
and DSDP Leg 222 bio-stratigraphic dating and sedimentation rate estimates. 
Sedimentation rates were used on sub-bottom profiles and on ODP seismic lines to 
estimate the time recorded by pelagic deposits that lie between two MTDs. Although the 
deposition of a MTD implies the removal of a part of the underlying pelagic cover, the 
time recorded by pelagic deposits is assumed to give an estimation of the time period 
between two MTDs. Sedimentation rates are in the range of 20-44 m Ma-1 for the southern 
ridge from Early Miocene to Early Pliocene. From Pliocene to present, sedimentation rates 
for the central and northern ridges are of the order of 60 m Ma-1 (DSDP site 223), and 
42-53 m Ma-1 (DSDP site 222), respectively. A P-wave velocity of 1500 m s-1 is used for 
SBP profiles to convert two-way travel time to depth. Depth dependent P-wave velocities 
curves from Shipboard Scientific Party (1989) are used to calibrate the thickness of 
sedimentary layers on ODP seismic lines.  
 
4. Nomenclature of mass wasting features 
 Submarine landslide nomenclatures are mainly based on detailed core analyses, 
which reveal the large variety of mass wasting processes (Hampton et al., 1996; Mulder 
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and Cochonat, 1996; Mulder and Alexander, 2002; Canals et al., 2004). In these 
nomenclatures, each term is related to a depositional mode. Based only on multibeam 
bathymetry and SBP120 data, it is difficult to determine whether a mass movement is a 
slump, a slide, or a debris flow, and these nomenclatures are inappropriate for these types 
of data (McAdoo et al., 2000; Tripsanas et al., 2008). The use of genetic nomenclatures is 
still more difficult in the case of multi-processes generated morphology. Indeed, different 
genetic processes, such as gravity instability, deformation, or sedimentary construction, 
may lead to quite similar sea-bottom morphology and echo-facies (see discussion for the 
Humboldt slide in Lee et al., 2002). Complex interaction between these processes may also 
be misleading (Faugères et al., 2002). Despite these drawbacks, bathymetry, sub-bottom 
and seismic profiles are still powerful tools to study mass wasting processes at the scale of 
an entire margin. Based on observations of failure geometry on bathymetry and SBP 
profiles, we describe the mode of slope failure development of representative field 
examples of each mass wasting type that we observe and map (Fig. 8), and link them to 
previously published nomenclatures. In absence of core analysis, the understanding of the 
timing of slope failure from the interpretation of SBP profiles somehow provides 
arguments relative to the failure processes involved. 
 
 4.1. Cohesive failures and retrogressive slumps 
 Where deposits lie at the edge of the headwall scar, the failure is mapped as 
"cohesive". In this case, slope deposits are enclosed by the headwall scar and display a 
hummocky seafloor or scattered blocks on bathymetry (Fig. 8, 10). Such deposits display 
chaotic and hyperbolic reflections or a transparent facies on SBP profiles (Fig. 8, see also 
Fig. 5, 9, 10 for similar examples). They show as disturbed, chaotic or transparent 
reflectors on ODP seismic lines (Fig. 2, 9, 11). Such a description could correspond to 
AC
CE
PT
ED
 M
AN
US
CR
IPT
ACCEPTED MANUSCRIPT
 11 
slide, slump, debris avalanche, or rock fall deposits of mass wasting classifications 
(Mulder and Cochonat, 1996; McAdoo et al., 2000), i.e., all deposits related to the 
movement of a coherent mass of sediment bounded by distinct failures planes. Scattered 
glide blocks observed on bathymetry (Fig. 9, 10) might result from a partial disintegration 
of the sediment mass, but as they remain generally enclosed by the failure scar, they are 
included in the "cohesive" category. A particular case of "bottleneck failure" (Fig. 10) is 
observed along the southern Owen Ridge. Because the SBP profile shows MTD enclosed 
in the scar (Fig. 10), this type of failure is considered as cohesive. The term of "bottleneck 
failure" refers to a type of failure already defined by Prior and Coleman (1980) in the Gulf 
of Mexico.   
 Overlapping sub-parallel scars at headwall escarpments are commonly observed at 
the rear of a main failure scar that accommodated cohesive removal (Fig. 9, 10, 11). Such 
scars delineate areas of smooth or hummocky seafloor (Fig. 9, 10, 11) named hereafter as 
headwall collapse areas. The folded aspect of headwall collapse areas on SBP profiles can 
be either the result of gravitational deformation (linked to mass wasting processes) (Fig. 9) 
or the pelagic cover of an older irregular MTD surface at the limit of the SBP120 
penetration, as seen on Fig. 11. The deep geometry of headwall collapse areas is observed 
on ODP seismic lines (Fig. 2, 9), which show blocks with limited down-slope total 
displacement along shallow listric faulting, and little internal remoulding near the headwall 
(Fig. 2, 9, 11).  
 Headwall collapse failures might either be fossil scars of previous landslides, or 
failures triggered subsequently to the cohesive departure of sediment, such as in 
retrogressive slumping events (Piper et al., 1999). In some areas (Fig. 9), the failure at the 
front of the headwall collapse area clearly offset MTDs on SBP profile. The headwall 
collapse failure thus occurred both down and up-slope the main cohesive failure plane, 
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affecting MTD and pelagic deposits, respectively (Fig. 9). Such a relative chronological 
constrain strongly suggests that headwall collapse motion and related failures are a 
subsequent response to the steep slope created by the cohesive mass departure.  
 An other interpretation is suggested by the failure exposed in Figure 11. The ODP 
seismic line shows two distinct MTDs, the older one being covered by thicker pelagic 
deposits. The younger scar is located downslope the older one, suggesting a progressive 
erosion of the slope in this area.  
 Where cohesive failures are closely related to headwall collapse areas, they are thus 
interpreted as occurring as one single retrogressive slump event, consistently with previous 
works on similar failures (Grand Banks (Piper et al., 1999), Cretan margin (Strozyk et al., 
2010), Storegga slide (Kvalstad et al., 2005)), excepted in the area illustrated in Figure 11.  
 
 4.2. Disintegrative failure features 
 Where there are no obvious landslide deposits at the base of the scar or in the area 
enclosed by the scar, the failure is mapped as "disintegrative". The seafloor enclosed by the 
scar is smooth on bathymetry (Fig. 8). Reflectors display a rough facies on SBP profiles, as 
the result of the erosion related to the motion of the destabilized mass (Fig. 8, 12). The 
sediment mass could have lost its cohesion either during failure, or by incorporating fluids 
during the down-slope movement of the mass. This second category relates to debris flow 
and grain flow in the classification of Mulder and Cochonat (1996).  
 Disintegrative failures observed along the Owen Ridge include arcuate failures 
(Fig. 8), evacuation pathways (Fig. 8, see also Fig. 5, 12, 13, 14 for other examples), and 
gullies (Fig. 13). Arcuate failures show a semi-circular, concave-upward shape (Fig. 8). 
The term of evacuation pathway refers to very elongate, rectilinear scars that erode 
previously deposed MTDs located down-slope, as shown on several SBP profiles (Fig.  8). 
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Gullies are forming by multiple small-scale episodes of retrogressive sedimentary removal 
(Fig. 13) and can be considered as a particular case of disintegrative failure, as no MTD lie 
in the area enclosed by the scar. Where deposits are identified outside of the area enclosed 
by the scar, they are mapped under the general term of MTDs. 
 
 4.3. Potentially multi-processes generated features  
 Two morphological features that could be the result of the interaction of slope 
instability with other processes (such as bottom currents or fluid escapes) were further 
identified along the Owen Ridge: undulating seafloor (Figures 3, 4, 5, 8) and sub-circular 
depressions (Fig. 5, 8). Some authors identify undulating seafloor features as deformation 
structures, creep and/or early indication of slope instability (Lee et al., 1981; Field and 
Barber, 1993; Baraza and Ercilla, 1996; Gardner et al., 1999; Corregiari et al., 2001; Lee et 
al., 2002), or as the result of a combination of deformation and depositional processes 
(Faugères et al., 2001; Gonthier et al., 2002; Shillington et al., 2012). Sub-circular 
depressions similar to the ones observed along the Owen Ridge are described on the 
Malpelo Ridge (Lonsdale and Fornari, 1980) and on the Carnegie Ridge (Michaud et al., 
2005) in the Pacific Ocean. Various origins have been proposed by Michaud et al. (2005), 
including underwater dissolution, submarine currents, fluid escape (such as in pockmarks 
features) and creeping. However, it is not possible to discriminate if slope instability is the 
dominant genetic process for the formation of these seafloor undulations and sub-circular 
depressions without geotechnical data (Sultan et al., 2008). Therefore, these two features 
are mapped but not discussed. 
 
5. Results 
AC
CE
PT
ED
 M
AN
US
CR
IPT
ACCEPTED MANUSCRIPT
 14 
 Mass wasting affects the three topographic highs of the Owen Ridge in different 
ways and to different degrees. For each ridge segment, we first describe the large-scale 
morphology of the Owen Ridge and the distribution of failure volumes. We then describe 
the distribution of each mass movement type on both sides of each segment. Stratigraphic 
data from ODP Leg 117 are also used to assess the vertical distribution of MTDs. The 
tectonics of the Owen Fracture Zone is detailed in Rodriguez et al. (2011), but where 
necessary we describe the relationship between the MTDs and the surface traces of the 
active faults. In the following, the term of open-slope type means that no topographic 
barrier obstructs mass movement once initiated. The term of "intra-canyon" erosive pattern 
means that the local topography influences the evolution of mass movements, similarly to 
canyons that dissect passive margins. 
 
 5.1. Mass wasting along the southern Owen Ridge  
 The southern ridge is an asymmetric relief, with a steep east-facing scarp associated 
with the Owen Fracture Zone and a regular western slope corresponding to sedimentary 
beds gently tilted 3° to the west (Fig. 3; Shipboard Scientific Party, 1989). The 
environment is thus of open-slope type. However, the contrast in slopes correlates with a 
contrast in types of mass wasting found on both sides of the ridge. The morphology of the 
western slope generally favours retrogressive slumps, with large volume failures (up to 
~40 km3, Fig. 15), and long transport distances (up to 40 km). On the other hand, gullies 
dominantly erode the steeper and shorter flank to the east (Arabian Sea side), although 
block falls and cohesive deposits are locally observed at the foot of the main slope and 
locally beyond the active fault trace (Fig. 3).  
 With regards to the volumes of a multi-failure generated event, the western slope of 
the southern ridge is characterized by the highest number of events (n=25) involving more 
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than 1 km3 of material (Fig. 15). The southern ridge also displays the largest landslides, 
with 9 events extending over 100 km2 or more. Retrogressive slumps are the dominant 
mode of mass wasting on the western slope (40 % of the southern ridge area). Cohesive 
failures are mostly arcuate, with various length comprised between 7.9 km and 41.4 km, 
and large runout distances (>30 km) (Fig. 3). The associated headwall collapse areas range 
from 3 to 240 km2 (Fig. 3, 9, 10, 11). Several glide blocks, with sizes varying between 104 
and 1.5x107 m3, have been identified close to headwall collapse failures (Fig. 9, 10). In 
some areas, the scar related to the glide blocks is meshed in the headwall collapse failure, 
suggesting that those block falls could have been triggered by the headwall collapse 
motion after the mass departure (Fig. 9). Scarps heights created by headwall collapse 
motion cluster between 20 m and 90 m, but can locally reach 140 m when associated with 
glide blocks (Fig. 9, 10). One particular case of bottleneck slide is observed around 16°N 
(Fig. 10). 
 Disintegrative failures show arcuate (Fig. 3), and elongate scars (Fig. 9, 10, 12). 
Arcuate disintegrative scars are isolated along the southern ridge, and occur mainly at the 
edge of headwall collapse areas (Fig. 3), whereas elongate scars occur preferentially down-
slope (between 2600 and 3400 m depth) in areas of hummocky seafloor (Figures 3, 8, 9, 
12), where they form coalescing failures (Fig. 8, 9, 12). They accommodate superficial 
erosion, with base of the failure rooted between 20 and 40 meters below sea-floor. 
Elongate scars mobilize volumes ranging between 0.07 to 3 km3.  
 The northern end of the southern ridge displays a particular mode of slope failure, 
with the two largest failures of the Owen Ridge, which are located between 17°20'N (Fig. 
8) and 17°40'N (Fig. 12). In the area of the 17°20'N landslide, a 400 km² area of 
hummocky seafloor, characterized by a chaotic facies on echo-sounder profiles (SBP120), 
is partly enclosed by a 35 km-long arcuate failure scar (Fig. 8), suggesting a cohesive 
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motion of the transported mass. The 17°20'N landslide may have mobilized 40 km3 of 
pelagic material during the initial stage of failure. The landslide located between 17°30'N 
and 17°45'N is more complex and shows multiple and sinuous failure scars (Fig. 12). The 
main failure encloses a ~430 km² area of hummocky seafloor. It is unclear if the 
hummocky area is the product of a single multi-failure event covering older elongate scars, 
or if it is the product of several generations of elongate failures. According to the first 
hypothesis, the failure may have mobilized 45 km3 of pelagic material during the initial 
stage of failure.  The hummocky area partially covers the proximal part of elongate scars A 
and B located down-slope (Fig. 12). Thus, elongate scars observed down-slope predate the 
cohesive failure that was triggered up-slope. The SBP profile shown in Figure 12 shows 
that the pelagic layer that covers the area enclosed by the elongate scar B is thicker than for 
the area enclosed by elongate scar A (Fig. 12). This is consistent with several generations 
of elongate failures dissecting the slope. 
  The "open-slope" erosive pattern described above vanishes at the latitude of 
16°10'N, where an "intra-canyon" erosive pattern is observed (Fig. 11). The slope displays 
an amphitheatre shape dissected by complex network of coalescing arcuate scars and 
headwall collapse up-slope  (Figures 3 and 11). Fluid outlets are locally observed on 
SBP120 profiles (Fig. 11). In this area, gliding planes are parallel to the stratigraphic 
bedding, and sometimes seem to jump between different stratigraphic levels when 
approaching the headwall of the slides (Fig. 2). 
 In addition to subsurface analysis, ODP data highlights the stratigraphy of mass 
transport deposits since the Early Miocene. The extension of ODP seismic lines does not 
cover the entire southern segment, and does not allow the estimate of volumes of buried 
MTDs. However, ODP and DSDP reporters noticed several hiatuses along the ridge that 
they interpreted as consecutive to slump removals (Shipboard Scientific Party, 1989). 
AC
CE
PT
ED
 M
AN
US
CR
IPT
ACCEPTED MANUSCRIPT
 17 
Missing thicknesses of material range from 50 to 150 m, and locally removed up to 5 Ma 
of sedimentation history. Over 60 MTDs facies are evidenced on ODP seismic data, which 
may represent ~30 failures events that have affected the pelagic cover. (Fig. 2; Shipboard 
Scientific Party, 1989). This is a minimum number, since only major MTDs are identified 
because of the low resolution of the ODP seismic lines. Truncated reflectors allow us to 
identify erosive surfaces due to mass departures. These MTDs are difficult to date using 
seismic correlation with ODP cores, due to faulting above substratum highs. However, 
mass wasting events along the southern ridge are mainly asynchronous, since they are 
covered by pelagic reflectors of various ages (Fig. 2). Only two coeval events are observed 
on seismic line 29 (Fig. 2). In some places, the same glide plane is associated with several 
MTDs (Fig. 2). Those deep failure glide planes are located above basement highs and 
delineate major mass wasting areas (Fig. 2). Thicknesses of MTDs measured from ODP 
seismic since Early Miocene range from 30 m to 220 m, which is consistent with 
thicknesses measured on SBP profiles for the most recent MTDs. Thicknesses of MTDs 
increase downward the slope, suggesting the erosion and the capture of superficial material 
(Fig. 2). 
 The crude frequency of major mass wasting events can be estimated from the study 
of the pelagic interval between two superposed MTDs. The thickness of pelagic interval 
ranges between 25 to 170 m, which would correspond to a periodicity of 0.6 to 4.2 Ma for 
the very large events over the unstable areas (using a standard sedimentation rate of 
40 m Ma-1). In contrast, some areas along the southern ridge seem to be totally devoid of 
large MTDs since the Early Miocene (Fig. 2). 
 
 5.2. Mass wasting along the central Owen Ridge 
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 The central ridge displays an irregular morphology, with a 2400 m-deep plateau 
spreading over 485 km2 (Fig. 4). The irregular morphology is mainly associated with an 
"intra-canyon" pattern of slope failure. Complex networks of gullies dissect both the 
western and the eastern side of the ridge. They locally merge down-slope into evacuation 
pathways on the western side (Fig. 13). This failure pattern is characterized by a strong 
correlation between headscarp height and headscarp slope and an anti-correlation between 
the headscarp height and its depth of initiation (Table 1). 
 Some conspicuous failures are observed on the western flank of the central ridge. 
One of them is the disintegrative failure located at 19°N (Fig. 13, failure A), which is 
composed of three main coalescing and indented scars. Another particular failure is the 
curved and cohesive slide observed northward, at the latitude of 19°15'N (Fig. 13, failure 
B). Its seafloor signature is composed of three overlapping major scars. Initially E-W 
oriented, the slump course bends southwards when moving downslope. A last example of 
conspicuous erosive network extends in the area between 19°20'N and 19°35'N. Superficial 
disintegrative flows mainly dissect this area, mobilizing 0.003 to 0.03 km3 of sediments. 
The most noticeable feature is a 2530 m wide (at the mouth), 9630 m-long elongate scar 
which removed 0.39 km3 of material (Fig. 14). 
 Three stacked MTDs are observed on SBP profile at the southern foot of the central 
ridge (Fig. 7). The thickness of pelagic intervals gives return periods of 64 to 108 ka. 
 
 5.3. Mass wasting along the northern Owen Ridge (Qalhat Seamount) 
 The top region of the Qalhat Seamount is flat and stable over an area of 1210 km2. 
Between 20°30'N and 21°30'N, the northern ridge displays an irregular morphology being 
eroded on its flank by complex networks of gullies, and evacuation pathways (Fig. 5). 
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Similarly to the central ridge, morphological parameters of failure show a strong 
correlation between the headscarp height and the headscarp slope (Table 1). 
 Gullies networks are complex on the Qalhat Seamount. They initiate at different 
water depths (between -400 and -1800 m), and display short dendritic network at their 
head, that rapidly merge into rectilinear evacuation pathways (Fig. 5). Disintegrative 
failure events within gullies networks removed up to 3.72 km3 of sediments. Between 
20°50'N and 21°10'N, gullies merge into a semi-circular (amphitheatre shape) evacuation 
pathways system that extends over a 1730 km2 area (Fig. 5). All evacuation pathways 
initiated by mass wasting processes in the amphitheatre merge in a single one at 3000 m 
water depth. This gathering evacuation pathway is 8.5 km wide at its mouth, and connected 
to the east with the Qalhat pull-apart Basin along the Owen Fracture Zone. A complex 
multi-retrogressive failure composed of coalescing scars is located where the major 
evacuation pathways of the northern ridge merge with the Qalhat Basin (Fig. 5). Volumes 
of sediment mobilized by these failures range from 0.03 to 0.86 km3. 
 Two major disintegrative failures are observed on the 2.5° steep southern flank of 
the Qalhat Seamount (Fig. 5and 8). They mobilized 0.5 and 0.17 km3 of material. Four 
related MTDs are stacked on SBP profile (Fig. 7) at the foot of the Qalhat Seamount 
(Fig. 7). The thickness of pelagic intervals between MTDs gives return periods ranging 
between 29 and 178 ka. 
  
6. Discussion 
 6.1. Modes of slope failure along the Owen Ridge 
 The location of the largest failures is not controlled by the trace of the Owen 
Fracture Zone. The modal value of the volumes mobilized by individual slides is quite 
similar for the three ridges (0.05 km3; Fig. 15), which is consistent with the fact that 
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failures affect the same pelagic material along the entire ridge. However, the southern 
ridge displays the largest failure areas and the most voluminous landslides. This means that 
the "open slope" setting, due to the tilted pelagic banks configuration, allows the 
mobilization of large slope areas by the same failure plane and favours the evolution of 
slope failure into large landslides. This configuration also favours the departure of large 
cohesive masses necessary to trigger headwall collapse motion, and therefore retrogressive 
slumping. On the other hand, the "intra-canyon" pattern of the central ridge prevents the 
evolution of large slope failures. The "open slope" pattern of mass wasting along the 
southern ridge thus contrasts with the "intra-canyon" pattern displayed by the central and 
northern ridges.  
 Correlative relationships of the morphological parameters of slope failure give 
indications about the failure mechanism. Correlations between the morphological 
parameters do not reveal peculiar failure behaviour on the western side of the southern 
Owen Ridge (Table 1). Both the central and the northern ridges show a good correlation 
(>0.6) between headscarp height and headscarp slope (Table 1). McAdoo et al. (2000) 
suggested that headscarp height and slope may be used as a proxies for sediment strength, 
steeper and higher scarps indicating sediment overconsolidation and higher dynamic 
strengths. On the central ridge, there is an anti-correlation between the headscarp height 
and its depth of initiation, hence suggesting a lower cohesion of the material removed 
downslope. This is consistent with observations of MTDs being removed by an elongate 
disintegrative failure on SBP profile (Fig. 13). Evacuation pathways on the western side of 
the central ridge are likely to remobilize MTDs from the gullies network above (Fig. 4, 
13). On the northern ridge, the semi-circular evacuation zone cuts into several generations 
of stacked MTDs (Fig. 5), suggesting it removes previously unconsolidated deposits too. 
Moreover, slope failures display irregular morphology, such as the curved scars observed 
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on the central ridge (Fig. 13). Thus, steep slopes created by the uneven topography of the 
basement favours irregular-shaped, frequent and small-scale failures, whose deposits are 
remobilized downslope by larger, and more elongate failures, which compose evacuation 
pathways. 
 
 6.2. Influence of the pre-uplift topography of the Owen Ridge 
 The topography of the southern Owen Ridge before its uplift is identified on ODP 
seismic lines (Fig. 2). During the Paleocene to Early Miocene interval, the Indus turbiditic 
system progressively smoothed the uneven topography of the southern ridge (Fig. 2) 
(Shipboard Scientific Party, 1989), and predisposed a relatively flat substratum for the 
subsequent pelagic cover. The small areas of basement features that used to stand above 
the seafloor before the uplift define and isolate several areas of "open slope" failure, which 
do not fail synchronously, and where the recurrence of MTDs is different (Fig. 2). The 
only area where mass wasting processes display an "intra-canyon" pattern (Fig. 11) is 
located where the distance between two basement highs is the smallest (Fig. 2). Moreover, 
the pre-uplift topography strongly controls the location of failure glide planes, which are 
reactivated through time (Fig. 2, 9). In areas delimitated by basement highs, fluid escape 
may also act as a pre-conditioning factor of slope instability and play a role in the 
difference in failure distribution between two areas.  
  On the other hand, the guyot morphology of the Qalhat Seamount indicates that its 
paleo-topography was close to the sea level, thus preserved from turbiditic burial. 
Similarly, the pre-20 Ma uplift topography of the central ridge was probably higher than 
the southern segment during the same period and has been partly preserved from turbiditic 
burial (Fig. 6). This configuration thus predisposed an "intra-canyon" pattern for the 
erosion of the pelagic cover of the central and northern ridges. The variation in the 
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topography of the Owen Ridge before its uplift is thus partly responsible for the variety of 
mass wasting features observed. 
 
 6.3. Recurrence interval and triggering mechanisms of slope failure  
 Seismicity is frequently invoked as a triggering factor for slope failures in deep-sea 
environments. Earthquakes add to ambient gravitational forces by generating horizontal 
and vertical ground accelerations, while simultaneously increasing pore fluid pressure 
(Almagor and Wisenam, 1982; Hampton et al., 1996). The seismicity along the Owen 
Fracture Zone might be the triggering process of slope instability. However, the seismicity 
reported for the last 40 years is negligible: the total seismic moment release sums to 1.5 
1018 N.m for the entire strike-slip portion of the fault (more than 700 km), which is 
equivalent to the seismic release of a single Mw 6 earthquake. Rupturing the southern 
segment of the fault (120-km-long; Fournier et al., 2011) would require a Mw > 6.5 
earthquake if the recurrence time is 102 years, and several earthquakes of that size would 
be required to break the entire fault system (Fig. 16). Yet, the centennial earthquake 
catalogue (Engdahl et al., 1998) (supposed to be complete down to magnitude 7 
earthquakes) does not report any significant event along the Owen Fracture Zone. One 
possibility is that the recurrence time is significantly longer, and that the Owen Fracture 
Zone is presently in an interseismic loading stage. If the recurrence time is 103 years or 
greater, then earthquakes with Mw > 7.7 would be expected. Although the structure of the 
Owen Fracture Zone was probably not the same as in present day during the Early 
Miocene to Late Pliocene period, we hypothesize that fault segments of similar lengths 
could have ruptured. The estimate of earthquake recurrence (Fig. 16) shows that rupturing 
the southern fragment of the fault (120-km-long) would require an Mw > 7 earthquake for 
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recurrence intervals ranging between 102-103years. This earthquake recurrence estimate 
does not fit with the observed landslide frequency, of the order of 105-106 years.  
 Since the Early Miocene, the modal thickness of removed material on the southern 
ridge is 80 m, and it is rare that more than two slides occurred at the same location at 
different times (Fig. 2). In spite of the slow pelagic deposition (2 to 2.5 Ma are necessary 
to accumulate 80 m of sediments), the scarcity of mass wasting events at a given location, 
together with dominantly cohesive motion and short transport distances (an important 
fraction of MTDs remains on the ridge and does not reach the Owen Basin (Fig. 2)), 
provides the durability of the sedimentary system. If slides of these magnitudes occurred 
after each earthquake, there would be very little pelagic cover remaining after a few events. 
As a result, large magnitude earthquakes may still be the dominant triggering process, but 
slow sedimentation rates restrict landslide frequency. If the pelagic sedimentary load is not 
sufficient, then it could not be mobilized during an earthquake. With regards to the central 
and the northern ridges, the failure at a given location seems to be more frequent, but 
involves smaller volumes than on the southern ridge (Fig. 15). Steep slopes may reduce the 
accumulation of sediments, and increase mass wasting frequency. This erosive pattern 
seems to preserve the pelagic cover too. 
 
 6.4. Comparison with continental margins  
 Volumes of landslides over the Owen Ridge compare closely to continental 
margins. The largest landslides on the Owen Ridge occur in areas where the slope gradient 
is low (2-3°), which is consistent with other observations of large landslides occurring on 
low mean seafloor slope angles (Canals et al., 2004). Similarly to the Owen Ridge, 
landslides volumes estimated over the US continental slope range between less than 0.1 
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km3 to 42.5 km3, except in the Gulf of Mexico where volumes reach 150 km3 (McAdoo et 
al., 2000, 2004; Chaytor et al., 2009, Twichell et al., 2009).  
 The comparison with landslides at convergent margins, which are frequently 
affected by high magnitude earthquakes and supplied by important sedimentation rates 
(>100 m/Ma), offers an interesting perspective. The Algerian margin, which undergoes 
frequent earthquakes, displays small landslides (with a maximal volume of 0.20 km3) (Dan 
et al., 2010) compared to the Owen Ridge. On the other hand, volumes of landslides in the 
Cascadia area, which is supplied by abundant sedimentary material and submitted to 
infrequent but high magnitude earthquakes, compare closely with volumes estimated along 
the Owen Ridge, with volumes up to 42.5 km3 according to McAdoo et al. (2000, 2004). 
Recent studies in the area of the Mw=8.8 Maule earthquake of the 27 February 2010 
offshore Chile shows that only small scale slides where produced by the earthquake and its 
aftershocks (Völker et al., 2011). Similar conclusions have been proposed for the Hellenic 
arc (Strozyck et al., 2010) or Sumatra (Tappin et al., 2007). It thus appears that areas with 
frequent shaking and important sedimentation rates (>100 m/Ma) do not provide the most 
voluminous landslides.  
 In the case of the Southern Owen Ridge, the restriction imposed on landslide 
frequency by slow pelagic sedimentation rates favours the mobilization of quite large 
volumes, and limits the occurrence of small-scale landslides. The poor sedimentary supply 
to the Owen Ridge, together with the low rate (~1 event/ka) of strong magnitude 
earthquakes (Mw>6)  that could shake hard enough the seafloor to trigger mass wasting, 
probably explain why large failure scars are preserved on the seafloor.  
  
7. Conclusions 
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 The three segments of the Owen Ridge display a large variety of mass wasting 
features strongly constrained by the basement topography. The uneven topography of the 
basement of the southern ridge has been partly smoothed by turbiditic deposits. This 
allowed the deposition of horizontal and parallel pelagic beds over wide areas. As a result 
the southern Owen Ridge displays an "open-slope" pattern, which favours the development 
of large but infrequent landslides. The landslide morphology on the southern ridge is the 
result of distinct and sporadic events, and not of a giant failure mobilizing the pelagic 
cover over the entire length of the southern ridge. In this area, slope failures remove up to 
~40-45 km3 of pelagic material, which compare closely to the volume estimated for some 
continental margins (McAdoo et al., 2000), but these events are far less frequent on the 
Owen Ridge. On the other hand, the steeper slopes of the central and northern ridges 
favour smaller but more frequent slides. In spite of different mass wasting pattern in space 
and in time, the pelagic cover over the three segments of the Owen Ridge is preserved. Our 
study demonstrates that earthquakes are more frequent than landslides, leading to the 
interpretation that mass-wasting frequency is strongly limited by sedimentation rates.  It 
remains unknown how the volumes of buried MTDs observed on ODP seismic lines 
compare with the volumes of the initial stages of failures estimated from the  morphology 
imprinted on the seafloor. 
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Figure captions  
Table 1. Correlation coefficients (covariance) for the morphometric parameters of slope 
failures along the Owen Ridge. All of the measured and calculated variables are correlated 
to explore possible relationships. Coefficients greater than or equal to 0.5 are highlighted 
in bold and yellow. Coefficients used to discuss failure mechanisms are highlighted in 
green. 
 
Figure 1. Multibeam bathymetry of the study area acquired during the AOC 2006, OWEN 
and FANINDIEN 2009 cruises, with location of figures 3, 4 and 5. Inset shows the 
regional setting of the India-Arabia plate boundary. Crustal seismicity since 1973 (focal 
depth < 50 km, magnitude Mw > 2) is from the USGS/NEIC database (yellow dot), 
Engdhal et al. (1998, white dot), CMT Harvard database (red dot), and Quittmeyer and 
Kafka (1984; green dot). AOC: Aden-Owen-Carlsberg triple junction, B3: Beautemps-
Beaupré Basin, ITS: Indus turbiditic system, OFZ: Owen Fracture Zone, Sh: Sheba Ridge. 
The three boxes correspond to the segmentation of the Owen Ridge (southern, central, and 
northern segments) used throughout the text. 
 
Figure 2. Seismic lines collected during the ODP Leg 117 (Shipboard Scientific Party, 
1989) and their new interpretation, with special emphasises on mass wasting events. 
Dotted line U1 marks the earliest uplift of the Owen Ridge in Early Miocene (ca. 19 Ma) 
and images the pre-uplift topography of the southern ridge. Dotted line U2 marks the facies 
change from turbidites to pelagic sediments at about 15 Ma. Inset on the right hand corner 
shows the location of ODP seismic profiles. 
Insets A and B are close-up of portions of seismic lines 32 and 29, respectively. 
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Figure 3. A) %LUG¶V H\H YLHZ of the southern ridge with 200-m interval bathymetric 
contours, and main seabed features. B) Slope map of the southern Owen Ridge with 
location of figures 8A and B, and 9 to 12, and synthetic map of the different types of mass 
wasting observed. 
 
Figure 4. A) %LUG¶VH\HYLHZ of the central ridge with 200-m interval bathymetric contours, 
and main seabed features. B) Slope map of the central Owen Ridge with location of figures 
7A, 8E , 13 and 14, and synthetic map of the different types of mass wasting mode 
observed. 
 
Figure 5. A) %LUG¶V H\H YLHZ of the Qalhat seamount with 200-m interval bathymetric 
contours, and main seabed features. B). Slope map of the Qalhat Seamount with location of 
figures 7B and 8D, and synthetic map of the different types of mass wasting mode 
observed. Inset 1 shows networks of gullies, which display short dendritic network at its 
head, that rapidly merge into rectilinear evacuation pathways. Inset 2 shows gullies locally 
cutting into a slump deposit, which shows an undulated seafloor evolving down-slope into 
an irregular morphology, composed of coalescing and irregular circular depressions. C) 3.5 
kHz profiles showing several generations of MTDs merging in the evacuation zone (see B 
for location).  
 
Figure 6. Perspective views of the sedimentary system of the Owen Ridge before the uplift 
(bottom) and at present (top). Both the Qalhat Seamount and the Central Ridge stood 
above the Indus abyssal plain 20 Ma ago. Sediment waves on the Oman continental shelf 
are generated by the Ras al Hadd Jet. CR: Central Ridge, MO: Masirah Ophiolites, OFZ: 
Owen Fracture Zone, QS: Qalhat Seamount, SR: Southern Ridge. 
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Figure 7. 3.5 kHz profiles showing A) several lenses of MTDs related to the erosion of the 
southern flank of the central Owen Ridge by disintegrative failures and B) MTDs related to 
the erosion of the southern flank of the Qalhat Seamount by disintegrative failures (see 
Figures 4 and 5 for location, respectively). 
 
Figure 8. Synthesis of EM120 swath bathymetry (slope map) features, 3.5 kHz echo-facies 
and their interpretation. The cohesive failure category is illustrated by the landslide located 
at 17°20'N on the southern ridge (see Fig. 3 for location). A hummocky seafloor area is 
enclosed in a failure scar. SBP profiles crossing the hummocky seafloor area shows chaotic 
to transparent reflections, which relates hummocky seafloor to areas of MTDs.  This 
category of failure is complementary illustrated in Fig. 9 to 13) . The disintegrative failure 
category is illustrated by two field examples. Elongate failures displayed on example A are 
located down-slope the western flank of the southern ridge (see Fig. 9). The SBP profile 
shows an elongate scar that eroded previously deposed MTDs. Arcuate failures displayed 
on example B are located on the southern flank of the Qalhat seamount (see Fig. 5 for 
location). MTDs are not observed in areas enclosed by a scar, but down-slope. This 
category is further illustrated in Fig. 5, 9, 12 and 13). The "multi-processes generated 
features" category is illustrated by two field examples. The undulating seafloor area 
displayed on example A is located on the western flank of the Qalhat Seamount (Fig. 5). It 
could be either the result of slump processes, or the result of bottom currents, or both of 
these processes. The sub-circular features displayed on example B are located on the top of 
the central ridge (Fig. 4). They could be either the result of fluid escape, carbonate 
dissolution, or early stages of slope destabilisation. See section 4 in text for detailed 
explanations. 
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Figure 9. A) Slope map of a multi-event generated scar on the southern Owen Ridge, 
showing the main slump scar and the related headwall collapse at the rear, with some block 
fall associated to the headwall collapse (see Fig. 3 for location). B) SBP profile crossing an 
headwall collapse area, and C) the related ODP seismic line (see Fig. A for location). D) 
3.5 kHz profile showing MTD faulted by headwall collapse fault, and gently disturbed 
pelagic drape within the headwall collapse area (see Fig. A for location).  
 
Figure 10. A) Slope map of a multi-event generated scar on the southern Owen Ridge, 
showing a bottleneck scar (see Fig. 3 for location). Bottleneck scars are characterized by 
narrow opening (1000 m to 2760 m) at their mouth, through which a part of the cohesive 
flow is discharged. B) 3.5 kHz profile crossing the bottleneck scar and adjacent mass 
transport deposits (see A for location). 
 
Figure 11. A) Slope map of a multi-event generated scar on the southern Owen Ridge, 
showing the main slump scar and the related headwall collapse at the rear; and an area of 
"intra-canyon" failure pattern (see Fig. 3 for location). B) ODP seismic line crossing 
headwall collapse area (see Fig. A for location). 3.5 kHz profiles showing C) fluid escape 
features and D) folded reflectors in the headwall collapse area, similarly to the ODP 
seismic line in B) (see A for location).  
 
Figure 12. A) Slope map of the largest multi-event generated scar on the southern Owen 
Ridge, with elongate scars buried under MTDs (see Fig. 3 for location). B) 3.5 kHz profile 
crossing a disintegrative elongate failure buried under a thicker pelagic cover than the 
surrounding MTDs (see A for location). 
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Figure 13. A) Slope map of the central Owen Ridge, showing "intra-canyon" failure pattern 
on the western side and complex networks of gullies (see Fig. 5 for location).  B) and C) 
%LUG¶VH\HYLHZV failure A and B, respectively, with 200-m interval bathymetric contours 
(vertical exaggeration x6). D) 3.5 kHz profile showing slump deposits remobilized by 
disintegrative failures. E) 3.5 kHz profile crossing the curved scar (see Fig. A for location). 
Failure A results from the coalescence of three slides with volume ranging from 0.15 km3 
to 0.8 km3. These slides are characterized by an indented shape, which results from the 
merging of several 840 to 1620 m wide half-rounded scars, mobilizing volumes between 
0.006 and 0.013 km3. Failure B is also the result of three overlapping scars. A smooth 
seafloor aspect characterizes the first scar, whereas the 3.5 kHz profile reveals the presence 
of a 30 m thick MTD buried underneath a thin pelagic cover enclosed by the scar. The 
second scar is curved and encloses MTDs. Three generations of nearly 10 m-thick MTDs 
are inserted within the pelagic cover. Downslope, the third failure is disintegrative and is 
composed of small coalescing gullies. 
 
Figure 14. Slope map of the central Owen Ridge, showing elongate disintegrative failures 
(see Fig. 5 for location). 
 
Figure 15 . A) Distribution of the volumes of individual failure according to the mode of 
failure (gullies, cohesive and disintegrative) for each segment of the Owen Ridge. B) 
Volumes distribution for multi- failures events along the Owen Ridge.  
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Figure 16. Estimation of earthquake recurrence along the segment of the OFZ crossing the 
southern ridge. Co-seismic slips along the OFZ and expected earthquake magnitude are 
expressed according to the shear rate (x axis) and the interseismic loading time (y axis).   
The domain of shear rate estimated for the OFZ (3±1 mm.a-1 ) is outlined by the green area. 
See text for detailed explanations. 
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Highlights: 
 
_Discovery of large submarine failures (up to 40 km3 in volume) along the Owen Ridge 
(Arabian Sea) 
_A large diversity of slope failure morphologies 
_A rare description of mass wasting processes in a pelagic context 
_Mass wasting frequency does not fit large (Mw>7) earthquake frequency and is restricted 
by slow pelagic rates 
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